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THE EFFECTS COF BLOWING OVER VARTOUS TRAILING-EDGE FLAPS
ON AN NACA 0006 AIRFOIL SECTION, COMPARTISONS WITH
VARIOUS TYPES OF FIAPS ON OTHER AIRFOIL SECTIONS,

AND AN ANALYSIS OF FLOW AND POWER
RELATIONSHIPS FOR BLOWING SYSTEMS

Jules B. Dods, Jr., and Earl C. Watson

Ames Research Center
SUMMARY

The investigation reported herein consists of three phases:
(1) an experimental investigation of a thin airfoil with blowing over a
trailing-edge flap; (2) a comparison of the results of the experimental
invegstigation with the results of other similar investigations; and
(3) a theoretical study of the relationships among the air-flow and
power parameters for the general blowing case.

The experimental investigation employed a two-dimensional model of
the NACA 0006 airfoil equipped with a nose flap and six alternate
trailing-edge flaps. The blowing slot was in the body of the airfoil
ahead of the trailing-edge flap. Only subcritical blowing pressure
ratios could be investigated. Lift, pitching moment, and chordwise
distribution of pressure were measured over a range of angles of attack
for Reynolds numbers from 2.3 million to 4 million. The variables inves-
tigated include flap position and contour, nozzle height, and blowing
quantity.

The comparison and evaluation phase of the investigation used data
from this experimental investigation together with those obtained from
other investigations which employed thicker airfoil sections. Several
relationships for evaluating the effects of blowing are presented. The
increments of 1ift coefficient which were obtained with the 6-~percent-
thick airfoil of the present investigation compared favorably with those
obtained with the thicker airfoils of the other investigations. It was
found that for flap deflection up to 60° or 700, the theoretical incre-
ment of 1lift coefficient due to flap deflection alone (i.e., without
blowing) could be attained or exceeded, depending on the blowing quantity.

The power and flow quantities that may be required of a blowing
system were shown to vary greatly, depending on the arrangement of the
flap and blowing system.,

*Supersedes declassified NACA RM A56C0l, 1956, by Jules B. Dods, Jr.,
and Earl C. Watson.



The results of the theoretical study of the air flow and power
relationships are presented in chart form and are applicable to blowing
systems employing either subecritical or supercritical pressure ratios.

INTRODUCTION

Approximately 30 years ago, Seewald (ref. l), Reid and Bamber
(ref. 2), and Wieland (ref. 3) demonstrated that the 1lift of an airfoil
could be increased a substantial amount by ejecting compressed air over
the upper surface. The power and equipment necessary to supply the
Jarge quantity of compressed air that was required for lift augmentation
deterred further investigation. However, the development of the turbo-
jet engine, a convenient source of compressed air, renewed interest in
this phenomenon. Later investigators (refs. 4 to 12) were concerned with
Jets used in conjunction with a trailing-edge flap. Several types of
airfoil sections were used in these investigations, but one common fea-
ture among them was that all the applications were to moderately thick
airfoils. From these previous studies of blowing over airfoils it
became apparent that additional experimental data and analytical studies
of the effects of blowing were needed to provide the information neces-
sary for practical applications of blowing to airplanes. In particular,
experimental data were required to show the effects of blowing over a
thin airfoil. A summary and analysis of the existing two-dimensional
data were needed to provide a basis for future evaluations of the effects
of blowing. Comparatively little information has been published on the
many theoretical aspects of blowing over airfoils, and one important
aspect in need of study pertains to the manner in which the flow and
power parameters vary with changes in the blowing-system pressure, the
nozzle exit opening, and the free-stream Mach number.

The present investigation was undertaken to provide some of this
needed information. It consists of three phases: (1) an investigation
to obtain experimental data for a thin airfoil with blowing over the
trailing-edge flap; (2) comparisons of the results of the experimental
investigation with the results of previous investigations; and (3) an
analytical study to obtain the theoretical relationships among the flow
and power parameters for the general blowing case.

The experimental phase of the investigation included a study of the
effects of changes in the flap profile, flap position, flap deflection,
nozzle height, the air-flow quantities, and, to a limited extent, the
ratio of flap chord to wing chord. The constant-chord model had the
NACA 0006 profile. It completely spanned the 4-foot dimension of the
Lh- by 10-foot test section of a modified 7- by 10-foot wind tunnel at
Ames Aeronautical Iaboratory. The pressure ratios availlable with the
equipment supplying the air for the blowing system were subcritical,
resulting, of course, in subsonic jet velocities. However, it was



possible to investigate a range of nozzle heights and nozzle flows of
interest for blowing systems which may operate with supercritical pres-
sure ratios and supersonic jet velocities. In reference 13 it was shown
that for pressure ratios from subcritical to 2.9, the 1lift obtained with
a gilven momentum coefficient was independent of the Jjet Mach number, and
the wing Reynolds number in the range from 5.8 to 10.1 million.

In the phase of this investigation concerned with the comparisons
and the evaluation of the effects of blowing on 1lift, only data from
pertinent two-dimensional investigations were considered: those
obtained with the thin airfoil of the present investigation, and those
obtained with the thicker airfoils of references h, 5, 9, and 12.

The analytical study of the relationships among the air-flow and
pover parameters is summarized in the form of charts.

NOTATION
A cross-sectional area, sq It
a speed of sound, ft/sec
b wing span, ft
c wing chord, ft
o chord of trailing-edge flap, ft
cy section 1ift coefficient, —'—
qC
Cm section pitching-moment ccefficient referred to the quarter
chord, o
QL
Acq lift-coefficient increment at 0° angle of attack due to blowing

and flap deflection

(Acz)i lift-coefficient increment at the "ideal" angle of attack due
to blowing and flap deflection (see sketch (a%'page 12)

(Acz)th theoretical lift-coefficient increment due to flap deflection

Acm pitching-moment-coefficient increment due to blowing and flap
deflection



mass-flow rate of blowing air
per foot of span

section mass-flow coefficient,

c
Q PecVy
2
QJ-SVJ + S(pj - po)
c, section jet-momentum coefficient, P; assumed
q.¢
equal to p, except as noted)
Cq mass-flow coefficient, mass-flow rate of blowing air
PoSyVo
ijJ’VJZ + Aj(pJ - po)
Cu jet-momentum coefficlent, Pj assunmed
9By
equal to Py except as noted), see Appendix A
Ci...s coefficients in the equations for wind-tunnel wall corrections
h height of test section, ft o
1 section 1ift, 1ift per unit span, lb/ft
m section pitching moment, pitching moment per unit span, ft—lb/ft
M Mach number, %
) pressure,l lb/sq ft
a dynamic pressure, 1b/sq ft
D - po
P pressure coefficient,
r radius, in., or fraction of wing chord
R Reynolds number based on the wing chord
S height of the nozzle opening measured normal to the wing chord
line at the minimum cross-sectional area of the nozzle, ft
8e height of the nozzle opening at the exit of a convergent-
divergent nozzle, ft
Sy the reference wing area affected by the nozzle span, sq ft
t airfoil thickness, It

YWhen used without subscript +t, the symbols p, p, and T denote
static pressure, static density, and static temperature, respectively.




T absolute temperature,® °R

v velocity, ft/sec

X chordwise distance, in. or ft

y distance normal to the airfoil chord line, in. or ft

Xp, Vg coordinates for identifying the position of the nose of the
trailing-edge flap, percent of wing chord (see fig. T)

a section angle of attack, deg
Cy
(d@)cZ flap effectiveness parameter, -~ Ezﬁ
o

V4 ratio of specific heats, 1.4 for air
B angle of deflection of the trailing-edge flap, deg
Oy angle of deflection of the nose flap, deg
A correction factor for atmospheric conditions different from

Tg 12 Pa,

standard conditions, ( > ( >

Tstq, Pstd

P mass density of air,2 slugs/cu ft
Subscripts

a ambient conditions
i ideal angle of attack
J conditions in the Jjet at the exit of the nozzle
max maximum
o free-stream conditions
std sea-level standard conditions
t total conditions (i.e., isentropic stagnation conditions)
u uncorrected

ZSee_fgptngﬁe_l; pagerﬁ.h




Superscripts

* conditions where M = 1.0

EXPERIMENTAL, INVESTIGATION WITH A THIN AIRFOIL

Tunnel, Model, and Apparatus

Tunnel,~ Because of the limitations of the auxiliary air supply for
the Ames T- by 10-foot wind tunnel, it was necessary to modify the test
section of the tunnel to accommodate a model with a reduced span.

Figure 1 shows the symmetrically spaced flow dividers which were installed
in the tunnel to provide a U4~ by 10-foot test section. BEach divider
extended upstream about 13 feet and downstream 12 feet from the center
line of rotation of the model. The 6-foot-diameter aluminum turntables
were supported flush with the surfaces of the dividers, as shown in

figure 2, and were alined with, and connected to the existing tunnel turn-
tables, Airfoil-shaped fairings were used to shield the model support
structure from the air flow between the flow dividers and the original
floor and ceiling of the tunnel test section. These fairings had the
NACA 655-415 airfoil section and a 58.75-inch chord. They were sup-
ported from the turntables in the floor and ceiling of the original tun-
nel and were arranged to change angle of attack with the model, Pressure
surveys in the modified test section indicated that the flow between the
dividers in the 4~ by 10-foot test section was essentially uniform.
Calibrated static orifices on the walls of the test section approximately
6 feet upstream from the center line of rotation of the model were used
to indicate free-stream static pressure.

Model.- In figure 2, the 4-foot-chord model is shown installed in
the modified test section. The basic airfoll section of the model was
the NACA 0006, modified to accommodate the nozzle used with the air blow-
ing system and the various trailing-edge flaps. A detailed view of the
exit of the nozzle, which extended along the entire span of the model on
the upper surface, is shown in figure 3. Some details of the plenum
chamber and nozzle shape are shown in figure 4 together with the
15-percent-chord nose flap. The steel plates forming the nozzle could be
positioned by means of 19 spacers and tightening screws located at
2—1/2-inch intervals along the span. The ratio of the cross-sectional
area of the plenum chamber to the nozzle exit area was large enough to
ensure that the velocity of flow in the plenum chamber was negligible
with respeet to the exiting velocity. (With a nozzle exit height of
0.053 inch, s/c = 0.00110, this area ratio was about 20 to 1.)

Details of the trailing-edge flaps are shown in figure 5, BFach of
the flaps could be deflected and positioned independently of the wing.



A removable fairing which could be inserted in the nozzle exit was used
in conjunction with flap A to form the typical single-slotted flap
arrangement. (The coordinates for flap A are presented in fig. 4.) The
plain flaps were designed to deflect about the hinge points shown in
figure 5. Each of these plain flaps was designed so that it faired into
the unmodified airfoil contour at about the x/c = 0.75 station. Flap B
provided the basic shape to which various nose sections were fitted to
form flaps C, D, and E. Flap B was symmetrical and was formed by
straight lines from the trailing edge tangent to the nose radius of the
flap. A comparison of the profiles of flaps A, B, and C for the same
flap deflection is shown in figure 6 to emphasize the different flap
contours presented to the air exiting from the nozzle. The chord of
flap A was 30 percent; flaps B and C were 25-percent chord, and flaps D
and E differed slightly from 25 percent, depending on the location of
their hinge points. Flap F provided a 15-percent-chord flap based on a
total wing chord of 42.35 inches. This reduction in wing chord was a
result of shortening the chord of the flap. Thus with flap F, the air-
foil section profile deviated from the NACA 0006 profile, the thickness
based on the shortened chord was 6.8 percent, and the nose flap was

17 percent of the chord. A filler block and an adjustable plate were
attached to the main wing to provide similar wing-flap junctures for all
the plain flaps (fig. 5). For all tests with the plain flaps deflected or
undeflected, the gap between the end of the adjustable plate and the flap
was 0.1 percent of the wing chord.

Chordwise pressure distributions were obtained from three rows of
orifices, one row at the midspan, and a row 6 inches from each end of the

Both static- and total-pressure tubes were installed in the plenum

span.
Temper-

chamber along the span to measure pressures of the internal flow.
atures in the plenum chamber were measured by shielded thermocouples at

three spanwise stations.

Apparatus.- A variable-speed air compressor located outside of the
wind tunnel was used as the source for the compressed air. The maximum
pressure ratios (ratio of plenum-chamber pressure to free-stream static
pressure) available with this equipment were of the order of 1.7 to 1.8.
A section of flexible piping was included in the ducting between the air
compressor and the structure supporting the model to prevent any of the
forces in the ducting from acting on the scale system. An "O" ring seal
was used in the ducting approaching the model so that the angle of attack
of the model could be varied without appreciable loss of air from the
blowing system. The mass rate of air flow through the ducting was meas-
ured by a calibrated orifice meter installed in the line between the
seal and the compressor.



Test Methods

Procedure.- Data were obtained for free-stream Reynolds numbers of
2.3, 3.3, and 4.0 million; the corresponding free-stream Mach numbers
were 0.082, 0.117, and 0.143. Air flow through the nozzle was varied
from zero to the maximum values obtainable with the air compressor, and
was expressed in terms of the mass-flow coefficient, cq, and the jet-
momentum coefficient, c¢,,. The rate of air flow measured with the orifice
meter was used to calculate the mass-flow coefficient, cq. In addition,
measurements of the pressure and temperature in the plenum chamber were
used to establish the reservoir conditions of the jet flow exiting from
the nozzle to calculate the momentum coefficient, c¢,. Isentropic flow
from the reservoir conditions in the plenum chamber to the nozzle exit
and a static pressure in the jet at the exit equal to free-stream static
pressure were assumed in order to calculate the momentum of the measured
mass flow leaving the nozzle. Pressure measurements taken along the span
in the plenum chamber were nearly equal for all except the lowest operat-
ing pressure ratios, and, consequently, it was assumed that the flow
ejected from the nozzle was uniform along the span. Because of the limited
pressure ratio available, and because of the range of nozzle heights
tested, it was necessary to reduce the free-stream velocity from 160 feet
per second (R = 4.0 million) to 92 feet per second { R = 2.3 million) for
some tests to cover the range of momentum coefficients of interest. The
nozzle-height to wing-chord ratios quoted herein are "effective" values;
that 1s, they were calculated from the isentropic flow relationships by
the use of measured values of the pressure ratio, the flow coefficients,
(cq and cy) and the wind-tunnel dynamic pressure for a wide range of flow
conditions. These values, in most cases, agreed very well with physical
measurements of the nozzle height made with pressure in the nozzle. The
effect of the maximum internal pressure forces on the nozzle was to
increase the nozzle height by about 0.002 inch (s/c = 0.0000k). This
increase due to the internal pressure forces did not vary with changes in
the nozzle-height to wing-chord ratio.

Lift measurements were made with the wind-tunnel balance system for
each flap at the various free-stream Reynolds numbers. Data were obtained
for each flap deflection with the nose of the flap in various positions
relative to the nozzle exit (or, relative to the fairing in the case of
the single-slotted flap). These tests, or surveys, as they will be called
herein, were made to establish the best position of a flap for purposes
of further testing. The nozzle exit was sealed by the fairing for the
tests with the single-slotted flap. The selected locations of the nose
of the single-slotted flap are shown in figure T7(a) for each of the flap
deflections tested. With the other flaps the surveys were made for vari-
ous blowing conditions. Extensive surveys were made with flap A, and
the various selected locations for the nose of the flap are shown in
figure 7(b). Three categories of flap position for flap A were arbitrar-
ily established for purposes of discussion: these are the extended,



intermediate, and against-the-nozzle positions indicated in figure ().
The reasons for testing the flap in these positions are discussed in a
following section (Effect of flap position). Surveys were made with the
plain flaps in order to determine the effect of vertical location of the
flaps with respect to the Jjet. In these surveys, the flap was moved
longitudinally the small amount required to close the gap between the
flap and the nozzle.

Two operating procedures for obtaining the data were employed:
First the quantity of air exiting from the nozzle (i.e., cq or cu) was
maintained constant and the angle of attack was varied. BSecondly, the
angle of attack was maintained constant while the nozzle flow was varied
from high values of ¢y or c to zero. The hysterisis effect on the
1ift coefficient between increasing or decreasing nozzle flows was found
to be negligible in the limited, but representative, number of tests
conducted to evaluate this effect.

Corrections.- Corrections to the angle of attack, 1lift, and pitching
moment were applied as follows using the method of reference 1h:

(o

]

oy + Clclu + Czcmu
cy = CSCZu

m = C4Cmu + CSCZu

¢/h |rRx0-q 3 Cso Ca Ca Cs
- 2.3 |o.301 ] 1.20k | 0.960] 0.993 ] 0.008
0.400[ 3.3 302 1.2081 .959| .993 | .o08
h.o .30311.213] .959} .993 | .008
2.3 2341 .938 .968 .993 .006
0.353f 3.3 | -235| -9%1| .967| -993 | -o007
k.o 236 .ok | L9671 .993 .007

With the modified tunnel, the ratio of the wing chord to test-section
height was 0.400 for the model with each of the flaps except flap F. 1In
the latter case, the ratio was 0.353. Blockage corrections for the
condition with a blowing Jet of air are unknown. However, on the basis
of the blockage studies presented in reference 12 for a chord to height
ratio of 0.32, it was assumed that the blockage was small for the chord
to height ratios of the present tests. No further analysis of the change
in the wind-tunnel wall corrections due to the effects of a blowing Jet
was made.
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Test Results

The 1lift data are assembled according to an arbitrary grouping of
the flaps, and include data with and without blowing. The data with
blowing over the flap are presented in two forms: (1) section 1lift coef-
ficient as a function of the angle of attack (for a given nose and
trailing-edge flap deflection, and for various constant values of the
section jet-momentum and the mass-flow coefficients), and (2) the section
1ift coefficient as a function of the Jjet-momentum and the mass-flow
coefficients (for a given nose and trailing-edge flap deflection and for
various angles of attack). Representative moment and midspan pressure-
distribution data are presented only for flap A. These typical pressure-
distribution data should be of value for flap loading analyses as well
as for their general aerodynamic interest. The test data from the investi-
gation are presented in figures 8 through 60. For convenience, an index
to these data is presented in table I.

Single-slotted flap.- Data were obtained with the single-slotted
flap for comparison with the data obtained with the blowing flaps.
Figure 8 presents the test data for various nose flap deflections (for a
trailing-edge flap deflection of 500), from which a nose flap deflection
of 30° was selected as optimum for use in further tests of the single-
slotted flap without blowing. The basic data for various trailing-edge
flap defleections with this nose flap deflection, and also with the nose
flap undeflected, are presented in figure 9.

Flap A.- Data showing effects of blowing with both the nose flap and
the trailing-edge flap A undeflected are shown in figure 10. A limited
amount of data with the nose flap undeflected is presented in figures 11
and 12. Figure 11 shows the effect of deflecting the trailing-edge flap
50° and 60° (in the extended position) without blowing and with a large
amount of blowing. TFigure 12 shows the effect of various amounts of
blowing for one trailing-edge flap deflection (8 = 50°). The effects of
deflecting the nose flap are shown in figure 13 for specified blowing
quantities and trailing-edge flap deflections. These data were used to
select a value for the nose flap deflection for use in the tests with
blowing. A value of 35° was considered to be the optimum value and it
was used, except as noted, in the tests with blowing. The effects of
blowing on the 1ift coefficients for various trailing-edge flap deflec-
tions are shown in figures 14 to 19 with the trailing-edge flap in
extended positions (and with the nose flap deflected 35°). Data obtained
with the flap against the nozzle and for trailing-edge flap deflections
of 509, 60°, and 70° are presented in figures 20 to 22.

The effects of sealing the wing-flap gap, when the flap was against
the nozzle, are presented in figure 23.



An investigation of the effects of changes in the nozzle heights
was made with flap A against the nozzle and the data are presented in
figures 24 to 29.

In order to obtain some indication of the effect of blowing over
various portions of the span of the flap, a brief investigation was made
with various spanwise portions of the nozzle blocked off. The data are
presented in figure 30.

Plain flaps B, C, D, E, F.~ Except for a limited number of tests
conducted with flap C with the nose flap undeflected, the tests with the
plain flaps were conducted with the nose flap deflected 350. The effect
of deflecting flap B is presented in figure 31 and the effects of blow-
ing are given in figures 32 to 3k. Similar data are presented for flaps
C and D in figures 35 to 42. Data of this type were not presented for
flap E because the flow over the flap at the larger flap deflections was
separated even for the highest blowing quantities. The effect of
deflecting flap F is presented in figure 43 and the effects of blowing
are given in figures Lk to L6.

Pitching moments and pressure distributions with flap A.- Typical
changes of the pitching-moment coefficient associated with changes of
flap deflection, nozzle height, and blowing quantity are presented in
figures 47 to 51. Representative wing-flap pressure distributions at the
midspan of the model are given in figures 52 through 59 for flap A in
both the extended position and against the nozzle.

Discussion of Test Results

Definitions.- The test results to be discussed are summarized in
figures 60 to 63. In the discussion herein of the various effects of
blowing over the trailing-edge flap of a thin airfoil, three frequently
used quantities are the critical momentum coefficient, the ideal angle of
attack, and the increment of 1lift coefficient at the ideal angle of attack.
The critical momentum coefficient is defined as the value of the momentum
coefficient at which a large change occurs in the slope (dcl/dcu)a,S

and above which only small increases in c¢; are obtained with additional
increases in ¢ for a constant angle of attack and flap deflection.

The critical momentum coefficients presented herein were determined from
the data for an angle of attack of 0°. Observations of the pressure
distribution over the varilous flaps indicated, in general, that the flow
over the flaps was attached at values of the momentum coefficient that
were slightly lower than the critical momentum coefficient as defined
herein.

Because of the combined effects of the nose flap, trailing-edge flap,
and the blowing quantity on the 1lift characteristics of a thin airfoil,

11
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difficulty was encountered in
c .eference slope '“e." for selecting an angle of attack
l airfoll without blowing . . .
and with 5=0° lLe. suitable for comparing 1ift

“ ﬁ\d_ increments. In order to resolve
/ 8n(°ﬂa=o° Cia this difficulty satisfactor%ly,

the increment of 1lift coefficient
(labeled (Acy); in sketch (a))
was measured at the largest neg-

S & d,=const.

’
0 o 0.110

35 —0.14_ 0O.lIIS

7 5=0°% Sp=const. ative angle of attack for which
i // a the 1lift curve was essentially

@ﬁco /// linear. Pressure distributions

' indicated that at this angle no

separation of the flow occurred
on the lower surface of the air-
foil with the trailing-edge flap
deflected. This angle of attack
is defined as the "ideal" angle
Sketch (a) of attack, and the 1ift increments
measured at this angle reveal the
effects of changes in the blowing parameters and flap characteristics in
a manner that is reasonably independent of interference from other factors.
One reason for this is that at the ideal angle of attack the pressure
gradient on the upper surface of the forward portion of the airfoil is
the most favorable that exists on the airfoil for any angle of attack for
which there is no separation from the lower surface. The increment of
1lift coefficient was measured from the linearly extended 1ift curve for
the model with the trailing-edge flap undeflected and with no blowing. It
was necessary to extend this curve because the flow separation from the
lower surface of the airfoil near the ideal angle of attack without blow~
ing produced a change in the slope of the 1ift curve which was otherwise
constant for a wide range of angles of attack.

af—
/\\
7 ideal" angle of attack

The experimental results are also compared with theoretical 1ift
increments computed by the use of Glauert'ts relationship for a thin air-
foil with a hinged flap (ref. 15), without consideration of the effects
of blowing, but corrected for the effects of airfoil thickness ratio

(ber)en = 57, 3< 0.1t Xa@)

Effect of flap position.- Surveys were made to select the location
of each flap for each flap deflection. With the single-slotted flap, the
locations of the flap were selected to provide the optimum 1ift character-
istics. Shown in figure 7(a) are the selected locations of the nose of
the flap for flap deflections of Lo° R 50 , and 60 . It is apparent that
the optimum position of the nose of the flap was always below, and near

the exit of the slot lip.




The selected locations for the nose of flap A are indicated in
figure T(b) for each of the specified flap deflections. With the flap
in the extended positions, the selected locations of the nose were
determined from surveys conducted to determine the optimum 1lift character-
istics for a high value of the momentum coefficient. Thus, in figure 7(b),
the line connecting the points locating the nose of the flap represents
the flap path required to obtain the optimum 1ift characteristics for a
high value of the momentum coefficient. It is worthy of note that for
flap deflections of 50 and above, and for the flap in either the extended
or against-the-nozzle positions, the nose of the flap always protruded
into the jet (see fig. 7(b)). The surveys indicated that at these flap
deflections the flow would not remain attached when the flap was removed
from the jet. The effect of flap position is evident in the basic 1lift
data (figs. 17 through 22) for the flap in the extended and against-the-
nozzle positions. Figure 60 (which includes the small amount of data
for the flap in the intermediate positions) presents 1lift data for 0O°
angle of attack to provide a more direct comparison of the-effect of
longitudinal position of the flap. It appears from figure 60 that the
rate of change of critical momentum coefficient with increasing distance
of the flap from the nozzle exit continually increased. For example,
with the flap deflected 60° , moving the flap longitudinally 0.5-percent
chord away from the nozzle doubled the critical momentum coefficient, and
with the flap in the extended position, the critical momentum coefficient
was increased approximately eight times. It can also be seen in figure 60
that the rate of change of the 1ift coefficient at the critical momentum
coefficient with increasing distance of the flap from the nozzle exit was
approximately constant.

The surveys with the plain flaps were made to determine the effect
of vertical location of the flap with respect to the jet. The data
presented in figures 31 through 46 are for the optimum flap positions
which showed that the upper surface of the flap should be near the center
of the jet. However, the effects of vertical position were found to be
small so long as the upper surface of the nose of the flap was in the Jet
but below the upper surface of the airfoil contour. It should be noted
that the hinge points for which the data are presented were shifted
slightly from the design hinge points indicated in figure 5; the longi-
tudinal location was closer to the exit of the nozzle and the vertical
location was shifted the small amount required to place the nose of the
flap near the center line of the Jjet.

In considering the effects of flap position (and also the effects of
flap profile presented in the following section), it should be remembered
that in this investigation the velocity at the exit of the nozzle was
subsonic and calculated with the assumption of isentropic expansion of the
Jet flow to free-stream static pressure. With supersonic jet velocities,
the question arises as to whether or not it would be desirable for a
flap to protrude into the jet. However, consideration of the results
of the present investigation which were obtained with subcritical pressure
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ratios, and those of reference 13 which were obtained with both sub-
critical and supercritical pressure ratios, suggests that at least with
plain flaps and convergent nozzles, the effects of flap position determined
by the present investigation would be the same for pressure ratios up to
moderate supercritical values.

Effect of flap profile.-~ The effects of flap profile are shown in
figure 61 in which the 1lift coefficients at o° angle of attack are given
as a function of both the momentum coefficient and the mass-flow coeffi-
cient. A study of the flap profiles (figs. 5 and 6) in conjunction with
these data indicates that the profile of the flap was of importance in
securing a low critical momentum coefficient, but that the profile was of
lesser importance for values of the momentum coefficient larger than the
critical value. For a given flap deflection (see fig. 6), the flaps whose
profile enabled the exiting nozzle flow to be turned in a gradual manner
had a lower critical momentum cocefficient than the flap whose profile
turned the exiting nozzle flow in an abrupt manner. Although both flaps
A and C turned the air in a gradual manner, flap A had a lower critical
momentum coefficlent than flap C, particularly at the larger flap
deflections. This may be due to the more gentle curvature of the profile
of flap A compared to flap C (in the region away from the nose of the
flaps), and it may also be due to the sharp nose shape of flap A, which
projected into the jet close to the exit of the nozzle.

In addition to illustrating the effects of flap profile, the data
of figure 61 permit the effect of the ratio of flap chord to wing chord
to be estimated. This can be done by a comparlson of the data for flap F
(cg/c = 0.15) with the data for the other flaps (cp/c = 0.25 to 0.30).
As a result of the design criteria for flap F (see the discussion in the
section "Model") the profile of the flap was poor, resulting in a high
critical momentum coefficient. From the previous discussion of the
effects of flap profile it would appear that with a better flap shape,
the high critical momentum coefficient could be reduced. However, the
important point to note in figure 61 is that at high values of the
momentum coefficient, where the effect of the profile has been shown to
be of lesser importance, the 1ift obtained with flap F compares favorably
with that obtained with the flaps having larger ratios of flap chord to
w1ng chord This is evident particularly at the largest flap deflection,

70 . Thus, it may be true that, with blowing, the 1lift is relatively
1nsen81t1ve to the flap-chord ratio.

Effect of changes in nozzle height.- The effect of changes in the
ratio of nozzle height to wing chord on the 1ift increment at the ideal
angle of attack as a function of the momentum and the mass-flow coeffi-
cients was investigated using flap A in its position against the nozzle.
The results are presented for trailing-edge flap deflections of 50 and
60° in figure 62. The large reduction in the mass- -flow coefficient, cQs
with reduction in the nozzle height for a given 1ift increment is
Tn the range of nozzle height to wing-chord ratios from 0.00017

apparent.



to 0.00065, the effects of height-chord ratio on the 1ift increment for
a given momentum coefficient were very small. In the investigation of
reference 9 height-chord ratios in a low range (s/c = 0.00036 to 0.00072)
were also tested, and the results showed no effect of changes in the
nozzle height on the 1lift increment. Reference 13, which presents the
results of a three-dimensional, full-scale investigation of the effects
of the blowing air from s duct located in the flap of a swept-wing air-
plane, also showed that the 1ift obtained at a given momentum coefficient
was independent of the nozzle height for the range of values investigated
(ratios)of nozzle height to mean aerodynamic chord between 0.000Ll7 and
0.00067) .

In the tests of the present investigation, however, an increase in
the nozzle-height to wing-chord ratio from 0.00065 to 0.00110 resulted
in a considerable loss in the 1ift increment obtained at momentum
coefficients greater than the critical (see fig. 62), but there were no
significant effects of nozzle height on the critical momentum ccoefficient
at 0° angle of attack (figs. 20 through 29). Data pertaining to the
effects of nozzle height on the increment of 1ift coefficient obtained
from reference 12 are shown in figure 62(c) for values of the height-
chord ratio from C.0005 to 0.009. These results show that increasing
s/c from 0.0005 to 0.0015 brought about a much smaller loss in the 1lift
increment than that shown in the present investigation by changing
s/c from 0.00065 to 0.00110. The marked effect of nozzle height shown
in figure 62(c) for increasing s/c from 0.0015 to 0.0050 is question-
able because of changes that were made in the nozzle design and flap
location. Since the limited amount of data presented herein indicates that
the effects of changes in the nozzle height may depend partially on the
particular nozzle and flap configuration used, the results obtained with
flap A cannot be considered as general. However, for any particular
blowing flap arrangement, the possibility of there being effects of nozzle
height must be considered.

Effect of nose flap deflection.- Some of the effects of deflecting
the nose flap are contained in the data of figures 12 and 13 for flap A,
and in the data of figures 36 and 39 for flap C. The data obtained with
the plain flap C were used to show the effects of nose flap deflection
on the variation of the 1lift increment at the ideal angle of attack with
momentum coefficient (fig. 63). The principal effect of deflecting the
nose flap was to reduce the 1ift increment at small values of the
momentum coefficient without affecting the critical momentum coefficient.
As the momentum coefficient was increased, the difference in the 1lift
increment caused by deflecting the nose flap continually decreased, and
at values of the momentum coefficient larger than about 0.16, a somewhat
larger lift increment was measured with the nose flap deflected than with
it undeflected. The greater 1lift increments with the nose flap deflected
were due mostly to a difference in the lift-curve slopes of the base
curves which were used in the measurement of the 1ift increments. This
effect of the different lift-curve slopes of the base curves was not
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significant at low values of the momentum coefficient because the ideal
angles of attack were small. (The base curves were those obtained with-
out blowing, with the trailing-edge flap undeflected, and with the nose

flap either undeflected or deflected 35°.)

In the following sections, comparisons will be made with the results
of other investigations which employed airfoils having either no leading-
edge device, or devices which differed from the nose flap of the present
investigation. The data from the present investigation which will be
used in the comparisons were obtained with the nose flap deflected.
Although this practice resulted in smaller 1ift increments in the low
range of momentum coefficient, it is belleved to provide a more realistic
comparison because thin airfoils, such as the one of the present investi-
gation, would require some form of leading-edge device to delay leading-
edge separation at high angles of attack.

Effect of blowing on the pitching moment and pressure distribution
with flap A.- The data of figures 48 and 51(a) typify, for the flap in
the extended and against-the~nozzle positions, respectively, the large
changes that occur in the pitching moment as the momentum coefficient
increases. However, as shown in the following table, the change in the
pitching-moment coefficient due to a unit change in the 1ift coefficient
was not significantly affected by blowing over the flap for either posi-
tion of the flap. The values of the momentum coefficients are larger
than the critical momentum coefficient in each instance.

Flap A #%i,fMﬁ__f¢¥‘ﬁ o

Flap
position Extended | Aeainst the nozzle
5 35° 50° 60° 50° 60°
c,. |o Jo.12Jo Jo.27fo Jo.175[0  Jo.03]o  Jo.03
%%% -.20|-.22|~.26]-.22|-.22[ -.22 |-.19]-.20[-.18]-.19

The very great differences that occur in the pressure distributions
for the no-blowing and for the high-quantity blowing cases are clearly
shown by the data of figures 52 to 59. When the jet attached to the flap,
a low pressure peak developed over the nose of the flap and the pressure
coefficient near the trailing edge became positive in value (e.g., see
figs. 55 and 58). Note that a positive pressure coefficient on the nose
of the flap exceeding a value of 1.0 is indicated in figures 52(b) and (c)
for the 75.10-percent-chord station. These high positive pressures on
the nose of the flap result from the direct impingement of the Jet on the
flap and occurred with the flap undeflected or deflected in its position

against the nozzle.



COMPARTISONS AND EVALUATION OF THE EFFECTS OF BLOWING ON LIFT

The following comparisons of the effects of blowing on 1ift for the
blowing~flap arrangements of the present and the referenced investiga-
tions are made in terms of quantities believed to be of most significance
for the evaluation of relative flap effectiveness. These quantities are
(l) the increment of 1lift coefficient at the ideal angle of attack,

(2) the critical momentum coefficient and the increment of 1ift coeffi-
cient which was obtained at the critical momentum coefficient, (3) the
rate of change of increment of 1ift coefficient with momentum coefficient

(dAcli/dcu)m 5 for values of the momentum coefficilient which were
it

greater than the critical value, and (4) the momentum coefficient required
to obtain a 1ift inerement equal ‘o the theoretical increment of 1ift
coefficient due to flap deflection without blowing. These guantities
should be considered together, not individually, in order to form a
complete picture of the relative 1ift effectiveness of blowing-flap
arrangements. The airfoils of the referenced investigations were thicker
than the airfoil of the present investigation and included types with and
without leading-edge devices. It should be noted that differences exist
in the value of the ratio of flap chord to wing chord for the various
flaps of the present investigation as well as for the flaps of the refer-
enced investigations (see fig. 64). Unfortunately, sufficient data are
not contained in the reports of these investigations to clearly establish
the effects of changes in the ratio of flap chord to wing chord.

Lift-Coefficient Increment at the Ideal Angle of Attack

In comparisons of the 1ift effectiveness of high-1ift devices, the
increment of 1ift coefficient obtained at a given angle of attack is
usually presented as a function of the deflection of the device. This
convention has been retained for the comparisons presented herein of the
various arrangements of the flap and blowing system. However, an addi-
tional quantity, the Jet-momentum coefficient has been included to show
the effects of various amounts of blowing. The data of the present
investigation and of references 4, 5, 9, and 12 (see fig. 64 for
sketches showing the various arrangements of flaps and blowing-system
nozzles) are summarized in this form in figures 65 through Tl. The
increments of 1lift coefficient presented herein for the present investi-
gation were measured at the ideal angle of attack. The increments
presented for the referenced investigations were measured at o° angle of
attack instead of at the ideal angle of attack because of insufficient
data to define the latter angle. However, because the increment at o°
angle of attack was the largest that could be measured, and because it
was thought that it would be essentially the same as that increment
which would oceur at the ideal angle of attack, it was decided for the
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purposes of this report to refer to the increment of 1lift coefficient for
the referenced data as (Acz)i. Included in figures 65 through Tl are
theoretical increments of 1lift coefficient due to flap deflection without
blowing and, also, increments which have been obtained with conventional
high-1ift devices such as single and double slotted flaps. Because of
the small amount of published data for these devices on airfoils having
the same thickness ratios and the same ratios of flap chord to wing chord
as the airfoils considered herein, it is difficult to make comparisons

of these devices with all of the blowing-flap arrangements; thus, only
data from the present investigation and from references 16 and 17 are
considered. Consequently, these data for the single and double slotted
flaps were included in these figures only where it was thought that
comparisons with the blowing data would have some validity and interest.

The lift-coefficient increments obtained at the ideal angle of attack
with the various blowing-flap arrangements on the thin airfoil of the
present investigation are shown in figures 65 through 67; those obtained
for the airfoils of the investigations of references 5, 9, 4, and 12, for
which the airfoil thickness-~chord ratiocs were 9, 10, 12, and 15 percent,
respectively, are shown in figures 65 through T1.

It is evident from even a cursory examination of figures 65 through
71 that large differences exist among the various airfoils and blowing-
flap arrangements in regard to their response to a given amount of blow-
ing, and that with a sufficient amount of blowing the theoretical incre-
ments of 1lift coefficient were exceeded. A study of these figures
reveals that with a given momentum coefficient an increment of 1ift
coefficient could be obtained with the 6-percent-thick alrfoil that
equaled, or exceeded, the values obtained with the thicker airfoils of
the referenced investigations. The data indicate that for some of the
configurations additional 1ift effectiveness could be expected for flap
deflections above 60° or 70°. This is particularly evident from the data
for the thin airfoil of the present investigation with the small nozzle
heights (see figs. 66(a) through 66(d)).

Critical Momentum Coefficient and Increment of Lift Coefficient

Presented in figure 72 is the variation of the critical momentum
coefficient with trailing-edge flap deflection for the data from the
present investigation and from the referenced investigations. As shown
in this figure, the critical momentum coefficient generally increased
with increasing flap deflection and with movement of the flap away from
the nozzle exit. This increase with flap deflection was small in some
cases but very rapid in others. The increase with movement of the flap
away from the nozzle exit is shown by comparing the results for flap A
in its position against the nozzle and in the extended position. The
critical momentum coefficients obtained with flap A in its position
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against the nozzle were smaller than those measured for any of the
blowing-flap arrangements of the referenced investigations and did not
exceed a value of about 0.03 for flap deflections up to T70°.

The increments of 1lift coefficient obtained at the critical momentum
coefficients corresponding to those given in figure 72 are presented in
figure 73 together with the theoretical 1ift increments due to flap
deflection without blowing. An inspection of these two figures shows
that there were large variations in the critical momentum coefficient and
in the lift-coefficient increments measured at the critical momentum
coefficient for the various blowing-flap arrangements. The differences
between the measured 1ift increments and their corresponding theoretical
1ift increments also varied widely. TFor example, at 60° flap deflection
the largest critical momentum coefficient for the data of the present
investigation was about eight times greater than the smallest value, and
the increments of 1ift coefficient varied from about 60 to 99 percent of
their theoretical values. At first thought it might be expected that
such differences in the increments of 1ift coefficient should not occur
because, for the critical momentum coefficient, separation of the flow
over the flap was prevented. Control of separation of the flow over the
flap, however, i1s a necessary but not a sufficient condition for attain-
ment of the theoretical 1ift increment. In addition, the amount of blow-
ing in the experimental case must be controlled to provide a circulation
strength around the airfoil equivalent to that of the potential flow
solution. Since the amount of blowing required to prevent separation of
the flow differed greatly for the various flaps, the circulation strengths,
and hence the resulting 1ift increments, also differ greatly.

It is apparent from the preceding discussion and example that in
evaluations of the relative 1lift effectiveness of blowing-flap arrange-
ments, consideration must be given to both the critical momentum coeffi-
cient and to the inerement of 1lift coefficient obtained for the critical
momentum coefficient.

Examination of figures 72 and 73 shows, from the results of the
present investigation, that the critical momentum coefficient and the
associated increment of 1lift coefficient were unchanged for nozzle-height
to wing-chord ratios of 0.00065 or less. They were also unchanged for the
height-chord ratios of 0.00036 and 0.00072 which were investigated in
reference 9. The data from reference 12 show a large effect of height-
chord ratio, and the results obtained with the smallest nozzle heights
indicated characteristics that differed from those obtained with the
larger ones. It appears, therefore, that the effects of changes in the
nozzle~height to wing-chord ratio are small for small values of this
ratio (say, for values of s/c less than 0.001), but may be significant
for larger values (say, for s/c greater than 0.001).
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Rate of Change of Increment of Lift Coefficient
With Momentum Coefficient

The rate of change of the increment of 1ift coefficient with
momentum coefficient (dAcZi/ch)ai 52 measured at values of the momentum
2

coefficient greater than the critical, is presented in Tigure 74 as a
function of flap deflection for the flaps of the present'and the refer-
ence investigations. A large value of (dAcli/dcp)ai,a is, of course,

desirable, but the significance of this parameter in assessing relative
flap effectiveness depends also upon the critical momentum coefficient
and the increment of 1ift coefficient at the critical momentum coefficlent.

The effects of changes in the nozzle-height to wing-chord ratio on
(dAcZi/dcu)mi,5 were very small for flap A of the present investigation,

but were large for the flap arrangement of reference 12, which had a much
larger variation in the nozzle height. A considerably higher slope was
measured for flap A in its position against the nozzle compared to that
obtained in its extended position. It is of particular interest to note
the superiority of plain flap C, which was hinged on the lower surface,
compared to plain flap B, which was hinged on the airfoil center line.
There was no marked effect of ailrfoil thickness ratio on (dACZi/dCH)mi § as
2

evidenced by the fact that this parameter was as large, in general, for
the various flaps on the thin airfoil of the present investigation as it
was for the flaps on the thicker airfoils of the referenced investigations.

Momentum Coefficient for Theoretical Increment of Lift Coefficlent

The value of the momentum coefficient required to achileve the
theoretical 1lift increment is presented in figure 75.3 The accuracy of
measuring the momentum coefficient required to achieve the theoretical
1ift increment depends to a great extent upon the rate of change of the
1ift increment with momentum coefficient (dAcZi/dcu)Oli 5" Although the

J

absolute value of the momentum coefficient in a particular case may be
difficult to determine accurately, the values shown in figure 75 were all
obtained in a similar manner providing a common basis for comparison.

In general, the values of the momentum coefficient required to
attain the theoretical increment of 1ift coefficient with the 6-percent-
thick airfoil were of the same order of magnitude as those measured for

SA similar presentation has been noted in reference 18. The larger
values of the momentum coefficients presented herein are due to the
inclusion of the airfoil thickness correction in computing the theoreti-
cal 1lift increments as previously mentioned.




thicker airfoil sections. In view of the variety of the blowing-flap
arrangements considered, the data show very similar trends as a function
of flap deflection, with but one exception - the data of reference 5.

For this flap it is believed that the long overhang of the upper surface
of the nozzle (see fig. 64) and the large distance from the nozzle exit
to the flap resulted in a particularly poor blowing-flap arrangement. The
advantages of the small nozzle-height to wing-chord ratios are evident
from the reference data as well as the data of the present report. The
values of the momentum coefficient required for the theoretical 1ift
increment for values of s/c less than 0.00065 were not determined in
the tests of the present investigation because of limitations of the
available pressure ratio. However, on the basis of an examination of the
limited amount of data available, no significant changes in the required
momentum coefficient would be expected for the range of values of s/c
from 0.00065 to 0.00017.

The data of figure 75 indicate that flap A in the extended position
required a smaller momentum coefficient to achieve the theoretical 1ift
increment than it did in its position against the nozzle. In practical
applications where the available momentum coefficient may be limited, the
small value of the momentum coefficient required to achieve the theoreti-
cal 1lift increment probably would not be as important as the undesirable
large value of the critical momentum coefficient that occurs with the
flap in the extended position. Flap F had a flap~chord to wing-chord
ratio of 0.15 compared with 0.25 to 0.30 for the other flaps considered.
Thus, the theoretical 1lift increment for flap F was smaller than for the
other flaps. As previously shown (see fig. 61) the 1lift coefficients
obtained (for momentum coefficients greater than the critical) with flap F
compared very favorably with those of the other flaps. This combination
of a smaller theoretical 1lift increment and the relatively good flap
effectiveness resulted in a considerably smaller momentum coefficient
required to achieve the theoretical 1lift increment for flap F compared to
those of the other flaps of the present investigation. The superiority
of plain flap C in this regard compared to plain flap B was due to a
larger value of (dAczi/dcu)ai 5 obtained with flap C, since the critical

>

momentum coefficients and the 1lift increments at the critical momentum
coefficient were practically the same for these two flaps.

THEORETICAT, FLOW AND POWER RELATIONSHIPS

Flow Relationships
The basic flow coefficients of interest for a blowing system are the
mass-flow coefficient, cp, and the Jet-momentum coefficient, c.

Figures 76 and 77 are presented to show the theoretical relationship
among these coefficlents and the operating pressure ratio, the ratio of
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nozzle height to wing chord (proportional to AJ-/SW Tor the three-
dimensional case), and the free-stream Mach number. Appendix A presents
the derivation of the equatiocns upon which the figures are based. The
chart of figure 76 is applicable only where the pressure ratio is less
than the critical. The chart of figure 77 presents the relationships

for pressure ratios as high as 10, based on isentropic flow with an ideal

nozzle.

It 1s to be noted that the definition of the jet-momentum coefficient
is based on the assumption that the mass flow leaves the nozzle exit with
the velocity that would be obtained by full isentropic expansion to free-
stream static pressure. However, it should be realized that the momentum
coefficients calculated on this basis do not always represent the true
total momentum of the flow at the exit. A difference between the actual
and the computed value of the momentum coefficient occurs when the exit
pressure is not equal to the free~stream static pressure, or when the
pressure ratio is supercritical and differs from the "design" value. The
magnitude of the difference which may occur for pressure ratios above the
critical is evident from the ratio of the jet-momentum coefficient for a
convergent nozzle to that for a convergent-divergent nozzle for isentropic
flow. The variation of the ratio of these momentum coefficilents with
pressure ratio is shown in figure 78 for pressure ratios less than 10.

The derivation of the relationship is presented in Appendix A. It is
apparent that as the pressure ratio increases, the ratio of the momentum
coefficients decreases until, at a pressure ratio of 10, the Jet-momentum
coefficient that could be obtained with a convergent nozzle is 0.93 of
that which could be obtained with a convergent-divergent nozzle.

A unique solution of the two equations shown in figures 76 and 77 is
obtained by drawing a rectangle, such as the ones shown in these figures.
The rectangle connects equal values of free-stream Mach number in the
upper and lower halves of the figure with the corresponding values of ¢
and s/c for the associated values of ¢q @and pressure ratio. For a
particular solution, two of the parameters, in addition to the Mach number,
must be specified.? A sequence of changes must occur among the various
parameters shown in the figures whenever a change occurs in the value of
any one of them. In the following examples the use of the charts is
demonstrated. In general, certain changes dependent on the free-stream
Mach number must occur in the values of the various parameters if the
free-stream Mach number is changed. For example, consider the chart of
figure 76 which applies for the range of subcritical pressure ratios.

If the momentum coefficient and the nozzle height remain constant and the
free-stream Mach number is changed, the mass-flow coefficient remains

“The lines of constant dynamic pressure, q, (figs. 76 and 77), are
based on an absolute free-stream total pressure equal to pgig, and they
would be changed for other free-stream conditions. These lines are
included in these figures for their general usefulness in problems con-
cerned with sea-level atmospheric wind tunnels.




constant and the pressure ratio must change. Thus, assume the initial
conditions indicated by the dashed rectangle (i.e., cp = 0.06;
s/c = 0.0007; My = 0.10; ptj/po = 1.325; and cq = 0.0047). Now assume the

free-stream Mach number is increased to 0.14. By the process of succes-
sive approximations the required rectangle closure yields the results

that the pressure ratio would have to increase to 1.73, and cQ would
remain the same. The fact that the mass-flow coefficient is invariant
with free~-stream Mach number for subcritical pressure ratios and for the
conditions typified by this example (i.e., for a constant cy and s/c)
can be proved by differentiating the equations shown in figure 76. For
supercritical pressure ratios the mechanics of solving the equations shown
in figure 77 are identical to those indicated above for the subcritical
pressure ratios; that is, the required closed rectangle must be determined.
With the assumption of the initial conditions indicated by the dashed
rectangle in figure 77 (cH = 0.08; sf/c = 0.00057; M, = 0.1k; ptj/po = 2.35;

and cq = 0.0048), a change in free-stream Mach number to 0.20 increases
the pressure ratio to 3.85 and Ja) increases to 0.0053. For the range

of supercritical pressure ratios the derivatives of the equations shown

in figure 77 indicate that with a given momentum coefficient and nozzle
geometry, the mass-flow coefficient will vary with free-stream Mach number.
The preceding examples indicate how blowing-system data for particular
free-gtream Mach numbers can be properly modified and adapted for use at
other free-stream Mach numbers,

The inserts in figures 76 and 77 showing typical scale changes are
included to indicate the manner in which the range of values of Cus CQ»
and s/c can be modified, provided the range of values of free-stream
Mach number and the pressure ratio remain the same. With this provision
the values of ¢y, cq» and s/c can be multiplied or divided by powers
of 10 as desired. :

Power Relationships

The power required to operate a blowing system can be used as a
basis for comparing varicus arrangements of a flap and blowing system.
In Appendix B a power relationship is developed which is convenient for
use in such comparisons. The final equation (eq. (B5)) relates the
section mass-flow coefficient, free-stream Mach number, and pressure ratio,
to the horsepower required per square foot of wing reference area. This
horsepower relationship is based on the assumption of isentropic compres-
sion from free-stream total pressure to the jet total pressure, and is
shown in figures 79 and 80 for pressure ratios up to 1.9 and 10, respec-
tively. It should be noted that the pressure ratio in these figures
pt-/Pto differs from the pressure ratio, Ptj/PO which is given in the

flow charts. The lines of constant dynamic pressures shown in these
figures are subJject to the restrictions noted in footnote 4.
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As an illustration of the application of the power and the flow
charts, a comparison of the horsepower per square foot of wing reference
area, the mass~-flow coefficients, and the pressure ratios theoretically
required at the value of the critical momentum coefficient for several of
the arrangements of the flap and blowing system previously discussed is
presented in figure 81. The value of the critical momentum coefficient
for each arrangement and the corresponding lift increments have been
presented in figures T2 and T3, respectively. It is evident from
figure 81(a) that at a given Mach number there was a large variation in
the power requirements for the various arrangements, and in some cases
there were large effects of flap deflection. In general, there was an
increase in the power required with an increase in Mach number, and the
magnitude of the increase varied greatly among the various arrangements.
If the alr is provided by auxiliary compressing equipment, the power
required is of greatest importance in the design of a blowing system.
However, if the air is supplied by bleeding from a Jjet engine, the mass
flow, or c¢p, is the more important quantity (fig. 81(b)). A large vari-
ation in the values of the mass-flow coefficients for the various flaps
and blowing systems was evident, although for any particular case ¢
was invariant with Mach number. Figure 81(c) shows that the required
pressure ratio generally iIncreased with increasing Mach number, and, also,
that at a given Mach number there was a large variation among the various
arrangements. The advantage, from the standpoints of power and mass-flow
coefficient, of positioning the flap against the nozzle and using small
nozzle heights is apparent throughout the comparisons afforded by
figure 81.

CONCLUDING REMARKS

*

The present report consists of (1) an experimental investigation
made to determine the effects of blowing a Jjet of comparatively low-
pressure air from a duct in the main portion of the wing over various
types of trailing-edge flaps on an NACA 0006 airfoil, (2) a comparison
and evaluation of the effects of blowing on 1lift, using the results of
the present investigation and those of previous investigations, and
(3) an analysis of the theoretical flow and power relationships of a blow-
ing system.

Tests of flap A in various positions with respect to the nozzle
showed that (1) the nose of the flap should protrude into the exiting
nozzle flow, and (2) the critical momentum coefficient, and the 1ift
obtained at the critical momentum coefficient, decreased as the gap
between the flap and the wing was reduced.

Tests of flaps having different profiles indicated that the flaps
whose profile enabled the exiting nozzle flow to be turned in & gradual
manner had a smaller critical momentum coefficient than the flaps whose
profile turned the exiting nozzle flow in an abrupt manner.




The 1ift obtained with blowing over a l5-percent-chord flap compared
favorably with 25- and 30-percent-chord flaps at the higher values of the
momentum coefficient. The critical momentum coefficient was large with
the short chord flap but it could probably be reduced by changes in the
flap profile.

Tests on flap A indicated that the effects of nozzle height on the
increment of 1ift coefficient obtained for a given momentum coefficient
were small in the range of nozzle-height to wing-chord ratios from
0.00017 to 0.00065. A further increase in the nozzle-height to wing-
chord ratio to 0.00110, however, showed a considerable loss in the 1ift
increment. There were no significant changes in the critical momentum
coefficient with changes in the nozzle height.

The change in the pitching-moment coefficient due to a unit change
in 1ift coefficient was not significantly affected by blowing.

Comparison of the data for the thin airfoil of the present investiga-
tion with other data for thicker airfoils and somewhat different blowing-
flap arrangements showed that (1) the increments of 1lift coefficient
obtained for a given momentum coefficient with the thin airfoil were
comparable with, or exceeded, those values obtained with the thicker air-
foil sections; (2) flap A positioned against the nozzle had smaller
critical momentum coefficients than the flap arrangements used with the
thicker airfoils; (3) the rate of change of the increment of lift coef-
ficient with momentum coefficient (measured above the critical value) for
the thin airfoil was comparable to that of the thicker airfoils; and
(k) the momentum coefficient required to attain the theoretical increment
of 1ift coefficient with the thin airfoil were of the same order of magni-
tude as those measured for the thicker airfoil sections.

A theoretical study was presented which established the relationship
among the air flow and power parameters applicable to the general blowing
case. Charts were presented showing these relationships. With the aid
of these charts an analysis was made to show the magnitudes of the flow
and power parameters for several blowing-flap arrangements operating at
their critical momentum coefficients, and also, to show the effect of
changes in the free-stream Mach number on these parameters. It was found
that the horsepower per square foot of wing reference area, and the pres-
sure ratio, increased with increasing Mach number, but that the mass-flow
coefficient remained constant when the pressure ratio was suberitical.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Mar. 1, 1956

(Reissued by Ames Research Center, National Aeronautics and Space Admin-
istration, Moffett Field, Calif., Jan. 13, 1976.)
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APPENDIX A

DERIVATION OF THE EQUATIONS RELATING THE GEOCMETRIC

AND ATR-FLOW PARAMETERS FOR A BLOWING SYSTEM

In the subsequent development of the various relationships ianvolving
the mass-flow coefficient, the jet-momentum coefficient, and the ratioc of
nozzle area to wing reference area (proportional to s/c for the two-
dimensional case), it is assumed that the nozzle flow is for a perfect
gas, that the flow is uniform, and that the cbmpression from free-stream
total pressure to the jet total pressure is isentropic.

By definition, the jet-mass-flow coefficient is

PsAsV s
g3 d
Cq = Al
4 PoSyVo (A1)

For adiabatic flow conditions and for ¥ = 1.k, this equation becomes

1/ 2 1 + 0. E-NI 1/2

For the assumption of isentropic compression between the free stream and

the jet reservoirs,
< ‘;)27 (43)

and, in general,

7
py = p(1 + 0.2m2)7 (Ak)
then the mass-flow coefficient becomes
A Ms /D 7+1
od J (A )
Cq = SW Mo 2

In application, equation (AS) must be modified to suit particular condi-
tions., With an ideal nozzle, complete expansion of the flow occurs to

pressure ©p, S0 that Py = Po- Also, for pressure ratios greater than
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critical, the ideal nozzle must be convergent-divergent and for pressure
ratios less than critical the nozzle must be convergent. Thus, for an
ideal nozzle, and Ptj/po greater than critical,

:I>
=

2J

Cq = és:,' I (A6a)

=

(¢}

(note that A:/A* and M; are functions of p:./P and thelr values are
J J ty/ %o

readily obtainable from tables such as those in reference 19). For the
two-dimensional case, the section mass-flow coefficient becomes

f(Pt-/Po)
- AL Mt
CQ =3 Mo (A6b)
Also, for the ideal nozzle, and Ptj/Po less than critical,
As M3
Cq = Si o (a7a)

or, for the two-dimensional case the section mass-flow coefficient is

(ATb)

C =

Q

[e] R
ZIS
O |

With a convergent nozzle and pressure ratios greater than critical, the
static pressure in the jet at the exit of the nozzle will not equal the
free-stream static pressure (pj # po), and the Mach number of the Jet at
the exit of the nozzle will be 1.0. By use of equation (AL) in (AS), the
Jjet-mass-flow coefficient becomes

27 MJ 1 (A8a)
Cq = r+1
2 (e =

(1+om

where Mj = 1.0. As would be expected, equations (A6) and (ABa) provide
equal values of Cq at equal values of Pt /po, if AJ/SW for the con-

vergent nozzle equals A*/Sw for the convergent divergent nozzle. For
the two-dimensional case the section mass-flow coefficient is

27



28

s P_tj 6/7 E 1 o
¢q = E( Po) Mo [(l + O.2M32)3] (a8b)

By definition, the jet-momentum coefficient is

_ total momentum of the flow at nozzle exit

3% doSw
} pjA;V;2 . A5(P5 - Po) (49)
QoS doSw
with the relationship
9 = % PMo” (A10)
equation (A9) becomes

If the nozzle expansion is to P35 = Do then for both subecritical and
supercritical pressure ratios

M:2 As
J d
Cyu =257
m 7.2 Sy (a12)
Combined with equation (A5), equation (A12) becomes for the case of
isentropic flow
M.
J
Cp = g 5o (A13a)

For the two-dimensional case the section jet-momentum coefficient is

M
¢, = 2¢q o (A13p)

By the use of equation (All) a comparison can be made of the total momentum
at the exit of an ideal convergent-divergent nozzle with that at the throat
(which would be the total momentum for a convergent nozzle). Thus

o _ A" [p5*/po(1 + ME) - 1] (A1)

Cuj A3 [py/po(1 + 2M5%) - 1]




In the isentropic case for p: = p., and using equation (AL)
J [eR4 ’

th* L+
-1
B, 7
* 1+ 2= 1yr-1
c A% 2
Ep'— = F =) (Al5)
3 J 7M;
or
cu* o 1.268(ptj*/po)- 1 (416)
il I Al
ClJ.j rj- l.mja

(Note that (pt,*/po) = (py:/Po)» and that both A*/Aj and Mj are a func-
tion of (pt./po).) Thus, equation (Al6) gives the ratio of the total
J

momentum at the exit of a convergent nozzle to that at the exit of an
ideal convergent-divergent nozzle having the same throat area as the
convergent nozzle,

The charts of figures 76 and 77 present a graphic solution of the
equations interrelating the mass-flow coefficient, free-stream Mach number,
the momentum coefficient, the ratio of nozzle area to wing reference area
(proportional to s/c for the two-dimensional case), and the pressure
ratio. For a nonisentropic process between the reservoirs of the free
stream and the jet, it is necessary to take into account the changed reser-
voir conditions of the nozzle flow. It should be noted in connection with
these charts that the theoretical momentum of the jet may differ consid-
erably from the actual value. For example, this occurs when the pressure
field into which the jet exhausts from the nozzle is less than the free-
stream static pressure. Then the nozzle flow is subject to an effect
gimilar to the Coanda effect for a jet exhausting into ambient air; that
is, the actual pressure at the exit of the nozzle is reduced below the
free-stream static value, thereby increasing the effective pressure ratio.
Thus, for pressure ratios less than critical, a reduced nozzle-exit pres-
sure would increase the mass flow and the momentum of the jet above the
values that would be computed for a pressure ratio based on the free-stream
static pressure. For pressure ratios above the critical there would be no
effect on the mass flow, but the momentum of the jet would increase with
an increase in the exit velocity. For pressure ratios less than critical
the local pressure field at the exit of the nozzle is usually unknown, or
difficult to obtain, so that it is much more convenient to base the momen-
tum coefficient on the free-stream static condition; this was the case in
the present report. TFor pressure ratios above the critical the local
pressure field should only have a small effect on the over-all pressure
ratio. However, as egquation (A16) indicates, the momentum of the jet will
depend on the nozzle design. Thus, particularly at pressure ratios much
greater than critical, the computation of the momentum coefficient should
be in accordance with whether the nozzle is convergent, or convergent-
divergent.
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APPENDIX B

DERTIVATION OF THE POWER REQUIRED TO COMPRESS THE AIR FOR

A BLOWING SYSTEM

In a steady-flow process the power required to maintain the flow is
defined as the product of the mass flow and the work done per unit of
mass flow. PFor isentropic flow relationships the horsepower required to
compress the blowing-system air from free-stream total pressure to the

jet total pressure is

_ gAYy )y o
e T N P pt th (B1)

Substituting equation (A1) into (Bl) and expressing the velocities and
densities in terms of Mach number, total pressure, total temperature,
and stagnation velocities of sound yields the following equation for the
horsepower per square foot of wing reference area expressed in terms of
the section mass-flow coefficient

R TS )6 )Ee)ong - (B2)
Bw 550 7 - 1 (1 1 0.oMp2)°> St \Fstd /\Pt; Pty Pt

With equation (A3), and noting that (ato/astd) = (Tto/Tstd)l/2 equation
(B2) becomes

; + fe) < >l/ <p > < >
Sw 550 7y -1 ( 0,2V 2)8 std Istd tJ
(B

Regrouping the terms to provide the pressure ratio pt /pt within the
bracketed expression gives

-1
Sw - 550 2stdPstd 7 - 1 (1+o0.2M 2)3 Tsta Psta Ptq

(BL)

(B2)

3)

Equation (BL) is applicable for use in flight or atmospheric wind tunnels.
However, the total-temperature ratio and the total-pressure ratio must be
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evaluated differently in each application. If AN is a correction factor
for ambient or atmospheric conditions differing from standard,

[< T, >l/2< D, jl

Tstd Pst

and by the use of the approximation that (1 + 0.2M 2) = 1.0 in equa-
tion (Bh), the corrected horsepower per square foot of wing area becomes

hp _ °q
A8, _ 550 stdpstd7 < Q) (83)

A graphical solution of this equation is presented as figures 79 and 80.
With the assumption that the Mach number function equals 1.0 there results
a maximum error in the horsepower per square foot of wing area of about

1 and 3 percent for pressure ratios up to 10 for the flight, and for the
wind-tunnel solutions, respectively. It will be noticed that the total-

pressur$ ratio in equation (B5) (Pt /pt ) 7 could be put in the form
(?t /pj)7 [1/(1 + 0.2M,2], but in this case the assumption that

(1 + O.2M02) = 1.0 results in increasingly large errors as the pressure
ratio approaches 1.0. Thus, in using figures 79 or 80 to find the horse-

power function, the total-pressure ratio Ptj/Pto must be used. The

flow charts of figures 76 and 77 give the pressure ratio in terms of
Pt./PO, which must be multiplied by Po/Pto for the given Mach number

to find ptj/pto for use with the horsepower charts. The constant "q"

lines on these power charts are restricted to wind-tunnel usage for the
same reasons discussed in footnote 4 in regard to the flow charts.
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TABLE I.- INDEX TO THE DATA FOR THE NACA 0006 ATRFOIL SECTION

Configuration Results Figure ) Caonfiguration ,, Results Figure
Flap pogﬁlfon 6, deg 52, deg s/c presented No. |[Fiap nogﬁgon 5, deg | By, deg j/? presented ~ Fe.
Single |See fig. 50 Variable —_— ey vs. A 8 A | Extended 35 0.00110} ¢3 VvB. op u7(a)
slotted 7(a) Variable 0, 30 _ 9 ey =0
A -— []] -— 0.00110 10 Variasble
Extended | Variable 11 e = 0.120 47(b)
See fig. 0 12(a) ey = 0.270 &7(e)
b 50 Cy3 VB. Cgy C 12{b) ey vB.
7 @ Cu 60 2 ‘m 48
5 Variable cy Ve, @ 3(a; ey = variable
3(b ainst | Variable c1 va.
0 35 14 ﬁgzzle. 2::1 =0 ‘m k9(e)
20 T ~
5 12 e, £0.03 T9(5)
17(=) 0.0006 o
20 ¢y ve. cq, cul| 17(b) > z'l. gsé gm 50(a)
pn T Vs, & 8(a) 06036 | Sn - 0493 50(5)
cy ve. cqg, cu| 1B(b) 50(c)
%5 19 00017 [ €T 7B <m 51(a)
¢y V8. @ 20(2) ¢, = variable to ()
50 20(b) -
Against Z; X: :Q; Cp iggz;ﬁ -_— 0 .00110 | P vsé p:e_rgent el sp(a)
nozzle. 60 = u
See fig. € V8. Cqs Cu} 21(b) P vs, percent ¢| sp(p
7(e) 70 Cy Ve. @ 22(a) 0 ey = 0.117 )
ey V8. ¢q, Su| 22(b) I3 vsé p:r8e121$3c 58(c)
Against 1 . ’
nozzle; 60 cy V8. @ 23(a) 35 P Vsé Pircent | 53(a)
slot i
sealed. eg ve. cg, o 23(0) P vsé pergeggsc 53(b)
. p = 0.
Against ¢y vs. @ 2h(a} T
nozzle. Zo 00065 | ¢ ve. cg, o | 2&(b) ender P Vséupigcent e[ sk(a)
0 & ve. @ 22 F ve. percen} ¢
20 00036 26 35 cf: gens ©| sk(v)
€0 ; 27
50 . 00017 58 P vsé“pirgfggoc Sh(c)
gggi; 29 ? ve. percent ¢l 55(,)
60 : cy =0
(Partial 30 5 -
vs, percent ¢
- span - b
=== Verisble TO0LL6 3T 50 ey, = 0.097 55(e)
50 32 P vs. percent c
B 60 33(a) Gk 55(e)
cy V8. cQ, Cu 33({b) ¥ vs. percent ¢ 56(=)
70 Ty vE. @ 35 ey = &
Veriable 32 vVs. percent ¢
50 36 60 ey = 0.101 56(e)
37(a) t
¢ 60 ¢y vs. cg, cu| 37(b) P Vséupirg?!zl'? ¢l 56(c)
10 - ¢y vs. @ gg(a 5) P vs. percent c| 57(a)
20 35 ’ 5 cy = variable to (¢)
6 v 1(a) Against 3 vsé pirgent c| s8(a)
D 0 ¢y vB. Cq, Cu | FL(b) nozzle., 5 [ .
> V8. e
VariahT €1 Ve 2 50 scppi oar0 | BE®)
ariable
50 l/ ? P vs, percent cl 58(c)
[+ =
F 60 15{a) H
¢y V8. cg, cp | ¥5(b) P vsré p:rgexigoc 58(d)
70 cy V8. @ Lg o . -
P vs. percent c
578 59(a)
P vs., percent c
&, 2 G | 290
60 P vs, pergent e[ 59(c)
e, =
m .
P vs, percent c
i ¢, F75ehe”| 99(0)
50 vs. ¢
) (e - °m | 60(a)
Variable %5 (a,-o) ZotoT
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Figure 1.- The horizontal dividers installed in the 7- by 10-foot wind
tunnel to provide a L- by 10 foot test section; view downstream.
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Figure 2.- The model installed in the L- by 10-foot test section.




Figure 3.- A detailed view of the model with flap A showing the exit of
the nozzle. -
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Detail A

Figure 4.- The NACA 0006 airfoil showing the 30-percent-chord flap A, the 15-percent-chord
leading-edge flap, and the nozzle details.
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Figure 5.- The various flap configurations tested.
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Figure 6.- Sketch of flaps A, B, and C deflected 60°.
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Figure 7.~ The selected locations of the nose of the single-slotted flap
and of flap A for various flap deflections.
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Figure 8.- Effect of nose-flap deflection on the 1ift of the model with
the single-slotted flap deflected 50°; R = %.0x10°.
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with flap A in the extended position
with a%d without blowing; s/c = 0.00110;
6n=0.



56

52 |[-==F

48

44

iV ase
Y7 i
NIy %8 N

Section lift coefficient, c,

) ( o Q
/ . |, ~—8:07 8,20} cu™0
8 PO gun o § 1 —_—— =
B o /.I /
c /
4 «
’ /
0 - Ad
Q c )
4 po Tstd # x10
".4 /’ .
/G/ P o --= --- 0 0 4.0
o 1401 112 00056 0058 4.0
o0 o o 1472 115 0075 098 3.3
-8 A A 1329 11O 0086 .l42 2.3
n 1477 114 0105 200 2.3
o 1679 122 029 272 2.3

-1.2
-24 -20 -6 -l2 -8 -4 ) 4 8 12 6 20 24 28

Section angle of attack, a, deg

(a) Variable «a.

Figure 12.- Effect of blowing on the 1ift of the mogel with flap A in
the extended position; s/c = 0.00110; & = 50°; &, = 0°.

45



9%

Section lift coefficient, ¢,

o
o

o
o

»
o

ol
()

n
o

o

Section mass—flow coetfficient, Co

Section jet-momentum coefficient, c,

(b) Variable nozzle flow.

Figure 12.- Concluded.

a R
(de‘é) xlo "¢
{a -4 23
2 4 33
-4 4.0
Z,\ -8 23
‘ﬁ -8 3.3 —A —
-8 4.0 A& N ] .
o e ""r/ir —
7?@? =
] ]
‘ o
.002 .004 .006 .008 .010 .0l2 014 0] .04 .08 12 16 .20 24 .28



Section lift coefficient, c,

5.6

52 | &-===

48

44

40

3.6

32 o

28

24

20

1.6

1.2

8

4

° R

Co Cu  xi0°

4 o o o 40
o 30° -—— -=- O o 40
o 35 -—-— -—— O o a

~8 ’ Q 3% 1685 117 00068 0085 4.0
o 30° 1617 116 0068 083 4.0
Q 35° 1584 1.7 0067 080 4.0

-.2 .

24 20 -6 -12 -8 -4 0 4 8 12 i6 20 24 28
Section angle of attack, a, deg

(a) 8 = 50°
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against the nozzle; s/c = 0.00110; &, = 35°.
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Figure 59.- Effect of angle of attack and of blowing on the chordw1se
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Figure 61.- The variation of the 1ift coefficient at zero degrees angle
cf attack with the mass-flow and the jet-momentum coefficients for
the various flaps tested; s/c = 0.00110; &, = 35°.
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Figure 62.- The effect of nozzle height on the variation of the
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(a) Flap A against the nozzle; d = 50°; &, = 35°.

increment of 1lift coefficient with the mass-flow and jet-momentum
coefficients.
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Figure 62.- Continued.
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Figure 62.~- Concluded.
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Figure 63.- The effect of nose-flap deflection on the variation of the

increment of lift coefficient with the mass-flow and jet-momentum
coefficients; flap C; s/e = 0.00110; & = 50°.
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Figure 64.- Sketches showing the arrangement of the flap and blowing systems for each of the
referenced investigations.
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s/c = 0.00110; &, = 35°.
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Figure 66.- The effect of the jet-momentum coefficient, c,, on the varia-
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Figure 76.- Blowing-parameter relationships for subcritical pressure ratios,



™HT

¢}
W,
P o M2 UATION AL N N
| 20 I ] . !0 ‘?o —Psidp M EQ mﬂja o‘z’za.z \3\\
30\\.14‘ SEIRNEN :u 10 09 .oe\\ Mo ;;,%,,,,‘_;_' M.,(:A) | \
30 ;'5 AN \\ NS \ \\ "\ - D \\\\\ \\\\32\\\\\
NN fo_ IMAMNNOSSS
00 NN NN N N\ ) . AN 6
ORI NRINT et PR
m‘\\\ N \\k \\ \‘\\\\ E° A =f(—) \\\\\\\\\\\\\\ \:\::.35.:
SN \\\\ it on o \\\\\\\ N
\\\\ \\\ \ \\\\\\\ s S~ \\:\*\:?w\
— 08 My [\_C# \\\\\ \ \\\ \\\\\\\ \ \\:\\\\-2\4.:
— 20 :'::2 Py \§Q \4\\\\ & \\\‘\\\\\ o \\\\\:\\\%:
YN NNV
L -"°§20 ooois 2 | \\ \\\ OS\F:E::fE::ETg
TYPICAL SCALE CHANGES \ \\\i-o“'\\:::“__ 06—
1] | L —
0 030 o8 oie o4 012 | 010 008 006 : 004 002 7 :\Z‘Q_I__\&O\ 4.0 5.0 6.0 1.0 80 3.0 | I0.
J ggf% E\\\\\\: \' 0.000! .\\\\\\
,///4¢:%/ % N N 1o
- % L T B——
//. 4 ’ % ‘ \ ™~ o3 I~
Ao 7 NN N —
w Lo T AN N Tl | T
_?;‘é)a'/ = ///// /A// \ NN Foc ™~ ™~
10T — ’ /6 74 N \\\ ™~ ~
,.lo/// ////// //// \ \ 07] N
) N
LA o7 ol NN
_zf_::;// /// % \09 I~
P / 4 5 \ N
147 18" 16”07 18 9 20 21 S oo | 4] 2 0010
5 | Lo [soled | || NERNN

CoMo

Figure T7.- Blowing-parameter relationships for pressure ratios up to 10,
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for a convergent nozzle to that for a convergent-divergent nozzle.
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Figure T79.~ Relationships among the blowing and power parameters for pressure ratios less than
the critical value.
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Figure 80.- Relationships among the blowing and power parameters for pressure ratios up to 10
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